The use of veterinary pharmaceuticals in beef cattle has led to concerns associated with the development of antibiotic resistance in bacteria and endocrine disruption in aquatic organisms. Despite the potential negative consequences, data on the transport and mitigation of pharmaceuticals in grazed watersheds with irrigated pasture are scarce. The objective of this study was to assess the transport of common beef cattle pharmaceuticals (oxytetracycline, chlortetracycline, and ivermectin) via surface runoff and leachate from manure amended to grass-vegetated soil boxes under irrigated pasture conditions. The transport of pharmaceuticals from animal manure in surface runoff and soil leachate was relatively low and appears to be limited by desorption and transport of pharmaceuticals entrained in the manure. In surface runoff, less than 4.2% of applied pharmaceuticals in manure (initial concentration: 0.2 mg kg -1 of manure) was detected after 3 wk of irrigation. Concentrations of pharmaceuticals in surface runoff and leachate never exceeded 0.5 mg L -1
. The major portion of pharmaceuticals (up to 99%) was retained in the manure or in the soil directly beneath the manure application site. Based on the minimal transport of oxytetracycline, chlortetracycline, and ivermectin, the risk of significant transport for these targeted beef cattle pharmaceuticals to surface water and groundwater from manure on irrigated pasture appears to be relatively low. on grazed watersheds has led to concern associated with the development of antibiotic resistance in bacteria and endocrine disruption in fish (Ankley et al., 2003; Bywater and Casewell, 2000) . The development of antibiotic resistance, particularly in pathogenic bacteria, can pose a serious health risk to humans and animals (Gootz, 2010) . Pharmaceuticals are often administered to livestock for therapeutic and prophylactic purposes, and this is commonly considered a good herd management practice. However, due to the poor adsorption of pharmaceuticals within the gut of the animal, up to 90% of administrated pharmaceuticals can be excreted with animal wastes (Sarmah et al., 2006) . Upon irrigation or rainfall events, these antibiotics can potentially be leached from the manure pat and introduced into soil and water systems.
Transport of veterinary pharmaceuticals from livestock wastes into the ecosystem has been widely studied for highly intensive systems, such as concentrated animal feeding operations (CAFOs). Significant concentrations of veterinary pharmaceuticals have been detected in soil and water in close proximity to CAFOs and in agricultural fields where livestock manure was applied (Sarmah et al., 2006) . For example, concentrations of tetracyclines detected in soils have been found as high as 170 mg kg , and concentrations up to 1 mg L -1 have been found in surface waters (Sarmah et al., 2006) . At the same time, there is little data on the transport and mitigation of common beef cattle pharmaceuticals in irrigated pasture systems, which provide critical forage to ranching enterprises in grazed watersheds throughout the western United States (Fernandez et al., 2011) . In these extensively managed (relative to CAFOs) systems, cattle density (less than 1 cow per hectare per year) and consequently the load of manure per unit area is significantly lower than in CAFOs. Also, in irrigated pastures manure is excreted by cattle directly on grass-covered soil, whereas in CAFOs manure is excreted to bare soil, stored in lagoons, and commonly applied to agricultural fields as a slurry. In addition, due to the reduced animal density, the amount of pharmaceuticals used per animal is often lower on irrigated pasture systems. Finally, management of beef cattle on pasture is quite different from CAFOs, and therefore different pharmaceuticals and methods of administration are used (e.g., oral in CAFOs vs. intramuscular or subcutaneous for pasture cattle). There is typically a more diverse use of pharmaceuticals in CAFOs, some of which are relatively water soluble (e.g., sulfonamides), and a greater risk for transport in the soil. The pharmaceuticals used for cattle on pasture are often formulated to be long acting, and therefore different classes or compounds are often preferred. These and other differences in animal management in CAFOs and irrigated pasture systems limit the extrapolation of CAFO-based research findings to irrigated pasture systems.
Several approaches and various systems have been used to evaluate the transport of beef cattle pharmaceuticals and to mitigate their exposure to nontarget organisms (Fernandez et al., 2011; Kay et al., 2004; Kay et al., 2005a; Kay et al., 2005b; Kim et al., 2010b; Rabolle and Spliid, 2000) . Batch sorption experiments have been used to evaluate the sorption of pharmaceuticals (oxytetracycline, sulphachloropyridazine, metronidazole, olaquindox, and tylosin) on soils and to calculate corresponding sorption coefficients, which aid in the mitigation of these pharmaceuticals. Transport of pharmaceuticals through soil has also been studied using packed soil columns (Kay et al., 2005a; Rabolle and Spliid, 2000) . Although such an approach is helpful for defining antibiotic transport in strictly controlled conditions, it can be difficult to translate results from soil columns to natural settings due to the small soil volume, absence of vegetative cover, and unidimension of water flow. Also, the heterogeneity of soil and the channeling of water through soil macrospores under field conditions have been shown to influence the potential for sorption and degradation (Kay et al., 2004; Kay et al., 2005b) . A few studies on pharmaceutical leaching from soil systems have been completed under field or near-field conditions and scale (Fernandez et al., 2011; Kim et al., 2010b) . Fernandez et al. (2011) examined Holstein cross cattle manure (1 kg) containing ivermectin applied to 5-m 2 leaching trays. Their results showed the highest leaching rate of ivermectin only in the first rainfall events, with concentrations in runoff water ranging from 5 to 188 ng L -1
. The highest concentrations were detected in bare soil trays, and the presence of grass reduced the concentrations of ivermectin in soil up to 10 times. Kim et al. (2010b) examined the transport of several commonly used antibiotics, including tetracycline, applied (209 mg) to 6-m 2 field plots subjected to rainfall of varying intensity. Transport was affected not only by rainfall intensity but primarily by the chemical properties of the antibiotics. Concentrations of chlortetracycline in runoff water ranged from 10 to 90 ng L -1
, with the majority of applied chlortetracycline remaining in the upper soil layer.
Due to the difficulties in conducting controlled in situ field studies and the specific limitations of laboratory column and batch experiment studies, we took an intermediate approach and designed grass-vegetated, packed soil boxes based on designs previously used for phosphorus leaching studies and livestock microbial transport studies (Atwill et al., 2002; Kleinman et al., 2004; Tate et al., 2004) . We examined the transport of three commonly administered beef cattle pharmaceuticals (oxytetracycline, chlortetracycline, and ivermectin) under simulated irrigated pasture conditions (Table 1) . Ivermectin, chlortetracycline, and oxytetracycline are over-the-counter drugs that are used widely in beef cattle on grazed watersheds. Ivermectin is a macrocyclic lactone widely used in cattle to control parasitic worms (e.g., roundworms, threadworms) because it has a broad spectrum of activity, low toxicity, and long duration of activity (Omura, 2008) . Chlortetracycline and oxytetracycline are broad-spectrum antibiotics used to treat a wide variety of diseases (e.g., pneumonia, foot-rot, anaplasmosis, bacterial scours).
The primary objective of this study was to assess the transport potential of oxytetracycline, chlortetracycline, and ivermectin into surface runoff and leachate water from manure-amended, grass-vegetated soil boxes reflective of irrigated pasture systems. The conditions for the study represent beef cattle (i.e., pharmaceuticals) and pasture management (i.e., irrigation) practices that are common in northern California and reflect its Xeric moisture regime. Our specific objectives were (i) to estimate the total amount of the pharmaceuticals transported with surface runoff and leachate on simulated flood irrigation, (ii) to compare sorption affinity of the pharmaceuticals with two agricultural soils of similar particle size and contrasting parent material, and (iii) to assess the mitigation of the pharmaceuticals by manure and soil.
Materials and Methods

Chemicals
Chlortetracycline, oxytetracycline, and ivermectin were purchased from Sigma-Aldrich, and 4-epitetracycline (internal standard), 4-epianhydrochlortetracycline (recovery standard) were purchased from Acros Organics. Optima-grade methanol was used; all other solvents were of high-pressure liquid chromatography (HPLC) or liquid chromatography/mass spectrometry (LC/MS) grade. Solvents and all other chemicals (at least of an analytical grade) were purchased from SigmaAldrich or Thermo Fisher.
Experimental Setup
Packed Soil Box Experimental Setup
Six wooden boxes (0.3 m wide, 1.22 m long, 0.2 cm deep, 7% slope) were constructed and lined with stainless steel (Fig.  1) . Molded glass beads (3.0 mm; Ceroglass) were placed at the bottom of the box to improve drainage, and a stainless steel wire mesh (0.5 mm) was placed on top of the beads. The boxes were then packed with two representative Northern California agricultural soils of contrasting mineralogy-Yolo silt loam (three soil boxes) and Argonaut gravely loam soil (three soil boxes)-to a bulk density of 1.2 g cm -3 (Table 2 ). This was achieved by placing a known mass of soil in each box in a series of layers and packing to the desired bulk density with a tamper. The process was repeated until the box was filled, creating a uniform bulk density. Soil bulk density was confirmed after experiments were run via soil core sampling. Each box was equipped with a stainless steel gutter to collect surface water runoff and a drain at the bottom for leachate water collection. Each box was seeded with a mixed pasture grass blend, and grass was grown for 3 mo to establish the root system and to provide complete vegetative cover of the soil surface. Transparent polymeric film was installed on top of the packed soil boxes (1 m above the grass level to allow for air circulation) to protect boxes from precipitation (none occurred over the course of the experiments). Irrigation water was applied using a 1.27-cm-diameter, perforated irrigation pipe (20 cm long) connected to a water hose. The irrigation pipe was set at the top of the box, and water flow was controlled using an inline flow meter that was set to the desired rate.
Before the application of manure, the soil was saturated with water, and grass was trimmed to 5 cm. Cow manure (1 kg, 80% moisture) spiked with a mixture of pharmaceuticals (200 µg of each) was applied 10 cm from the front of each grassed soil box as a strip across the width of the entire box. The soil boxes were then irrigated at a flow rate of 1 L min -1 for 30 min. Thus, at each irrigation event, the total volume of water applied was equal to 82 L m -2
. The 30-min irrigation was repeated weekly for three consecutive weeks. When conducting runoff box experiments, one box for each soil type failed to produce runoff, and thus Boxes were packed with soil on top of a layer of glass beads. Each box was equipped with a stainless steel gutter for a runoff water collection and a drain at the bottom for leachate water collection. Soil was planted with a mixed pasture grass blend, and grass was grown for 3 mo to establish the root system. both were excluded from the study. All data presented represent triplicate analyses from duplicate soil boxes.
Batch Sorption Experiment Setup
The batch sorption experiment of oxytetracycline and chlortetracycline on soils was performed as described by Jones et al. (2005) , and the batch sorption experiment of ivermectin on soils was performed using a modified method based on Krogh et al. (2008) . Briefly, 5 g of soil was equilibrated with 40 mL of aqueous antibiotic solution at an initial antibiotic concentration in the range of 0.005 to 1.25 mmol L -1
. Soils were equilibrated for 48 h at room temperature in the dark. After the equilibrium was reached, soil suspensions were centrifuged, and the supernatant was analyzed for the three pharmaceuticals by HPLC MS/MS. Concentrations of pharmaceuticals in water and soil were calculated, and sorption isotherms were constructed. Linear, Langmuir, Freundlich, and Scatchard models were used for linearization and estimation of the sorption coefficients (Sithole and Guy, 1987; Sparks, 2003) .
Sample Collection from Packed Soil Boxes
Water Samples
Water samples were collected by volume for each of the three irrigation events. Four samples (4 L each) of surface runoff were collected using 4-L glass amber bottles. After 16 L of surface runoff water was collected, irrigation was stopped. When runoff water ceased flowing, the total leachate volume (6 L) was collected. The contents of each bottle were mixed thoroughly, and an aliquot of 1 L was subsampled in a clean, 1-L, amber glass bottle. Water samples were stored at 4°C and analyzed within 48 h. All water samples were filtered through 1.6-and 0.7-µm glass microfiber filters (Whatman) to remove colloidal particles. Water filtrates were acidified to pH 4.0 with 1 mol L -1 HCl. Ethylenediaminetetraacetic acid (EDTA; 0.25 g L ) was added to each sample to prevent complexation of tetracyclines with divalent cations. Pharmaceuticals were extracted from water samples and analyzed as described below.
Soil Samples
Soil samples were analyzed using HPLC MS/MS after pressurized liquid extraction (PLE) before the experiment to validate that no target pharmaceuticals were originally present in the soil (described below). Upon completion of the packed soil box experiments, soil samples were taken from each box. Soil samples were collected using a 1-inch-diameter soil probe. Within each box, three types of soil samples were collected: (i) three soil samples taken directly under the manure deposit at three depths (0-5, 5-10, and 10-15 cm), (ii) soil sample taken 5 cm downslope from the manure deposit, and (iii) soil sample taken 15 cm upslope from the manure deposit. Five samples per box were obtained, with each sample being a composite of five subsamples. The field-moist soil samples were sieved (2-mm sieve), mixed thoroughly, and kept at 4°C until analysis. Soil samples were analyzed within 48 h after processing. Soil pH values were determined by the soil saturated paste method (U.S. Salinity Laboratory Staff, 1954) . Total organic carbon (OC) content of soil was determined using a Costech ECS 4010 nitrogen/protein analyzer (Costech Analytical Technologies Inc.) by dry combustion. Soil moisture content was determined gravimetrically after drying at 105°C for 48 h.
Manure Samples
Manure samples were obtained from the Dairy Teaching and Research Facility at the University of California. Manure samples were collected from hay-fed cows that were not treated with oxytetracycline, tetracycline, or ivermectin for several months before collection. Manure samples were analyzed before the experiment to validate that no pharmaceuticals were originally present in manure. The moisture content of manure samples was adjusted to 80 to 85% by homogenizing about 600 g of manure with 300 mL of ultrapure water. Aliquots (200 mL) of 1 mg mL -1 stock solution of oxytetracycline, tetracycline, and ivermectin were spiked into manure samples in a Nalgene bottle. Bottles were covered with aluminum foil and shaken at 300 rpm on an orbital shaker. Spiked manure was applied to the soil boxes within 1 h. Upon completion of the experiment, manure was collected from each box. Manure samples were broken up into smaller pieces, sieved (2-mm sieve), mixed thoroughly, and stored at 4°C until analysis. Dry manure samples were analyzed within 48 h after processing.
Chemical Analysis
Pressurized Liquid Extraction
Antibiotics were extracted from soils and manure using a Dionex ASE 150 PLE system. Five grams of the soil or manure sample was mixed with diatomaceous earth (Hydromatrix, Agilent Technologies, Inc.) and loaded into 22-mL stainless steel cells between two layers of Hydromatrix to occupy the dead volume in the cell. The stainless steel cell was lined with a EDTA-washed cellulose filter (1.9 mm pore size) to prevent material loss. Extraction was performed at 1 × 10 7 Pa and 40°C. Static extraction time was 20 min, with a flush volume of 60% and a purge volume of 60%. Two extraction cycles were performed using methanol:water (3:1, v/v) containing 0.25 mmol L -1 EDTA and 50 mmol L -1 sodium chloride at pH 8.0. Extracts were diluted with enough water to reduce the organic solvent concentration to less than 5% by volume in solution. The solution pH was adjusted to 4.0 with 1 mol L -1
HCl. Antibiotics were concentrated by solid-phase extraction (SPE) as described below and analyzed via HPLC MS/MS.
Solid-Phase Extraction
Antibiotics were extracted from water and diluted PLE extracts using SPE. A Discovery DSC-SAX cartridge was set up in tandem with an Oasis HLB phase cartridge. Oasis HLB cartridges (30 µm, 3 mL, 60 mg sorbent) were purchased from Waters Inc. DSC-SAX cartridges (56 µm, 3 mL, 500 mg sorbent) were purchased from Sigma-Aldrich. The cartridges were activated with 2 × 3 mL of methanol and then conditioned with 3 mL of deionized water and 3 mL of 0.04 mol L -1 citric acid in water (pH 4.0). The water extracts were loaded on the SPE cartridges at 5 mm Hg negative pressure. After loading, the SPE cartridges were washed with 2 × 3 mL of 0.04 mol L -1 citric acid (pH 4.0). The SAX cartridges were then removed, and the HLB cartridges were allowed to dry for 15 min at 5 mm Hg negative pressure. Pharmaceuticals were eluted from the HLB cartridge with 4 mL of 100% methanol by gravity. The methanol extracts were evaporated to dryness under a gentle steam of nitrogen in a water bath at 45°C. The dry extracts were reconstituted in 300 mL of 50% aqueous methanol with 0.1% formic acid and analyzed with HPLC MS/MS.
HPLC MS/MS Analysis
The HPLC-MS/MS analysis was performed using an Agilent series 1200 HPLC with diode-array and Agilent 6320 ion trap mass spectrometer detectors (Agilent Technologies). The MS parameters for a parent ion of each compound were optimized by direct infusion of 1 mg mL -1 pharmaceuticals mixture in 50% aqueous methanol containing 0.1% formic acid at 30 mL min -1 . Optimized MS parameters are specified in Supplemental Table S1 . The MS data were collected in positive ESI MS/MS mode. The nebulizer temperature was 350°C, nebulizer pressure was 3.4 × 10 5 Pa, and the drying gas flow rate was 10.0 L min -1
. Chromatographic separation was performed on a reverse-phase Zorbax Eclipse XDB-C18 (250 × 4.6 mm, 5 mm) analytical column, which was protected by a guard column with the same stationary phase (12.5 × 4.6 mm, 5 mm) (Agilent Technologies). The column temperature was set at 40°C, and the autosampler temperature was set at 4°C. The mobile phase consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in methanol (solvent B). The gradient elution program started with linear increase from 30 to 90% B in 18 min, followed by isocratic elution for 6 min at 90% B. The flow was diverted from the MS for the first 7 min of the analysis to prevent contamination and ion suppression with salts and other polar species. Using this gradient elution program, baseline separation of the target analytes were archived with the following elution times: 4-epitetracycline (8.3 min), oxytetracycline (10.2 min), chlortetracycline (12.5 min), ivermectin (17.1 min), and 4-epianhydrochlortetracycline (18.2 min). An injection volume of 5 mL at a flow rate of 0.5 mL min -1 was used. The diode-array detector was used for monitoring coextracted humic materials and was set up to collect spectra from 190 to 400 nm with 2-nm step.
Method Quality Assurance and Quality Control Procedures
All analytical protocols were evaluated before sample analysis based on accuracy, precision, specificity, limits of detection and quantification, linearity, concentration range, reproducibility, and robustness (see supplemental material). Contaminationfree apparatus, materials, and reagents for use were confirmed. Each sample analysis was performed at least in triplicate. Quality controls were carried through the sample preparation procedure and analyzed at the beginning and end of every sample batch. To document the precision and bias of a method in a given sample matrix, recovery samples were analyzed with each batch of samples and spiked with an analyte standard at three or more representative concentrations before sample preparation. An internal standard was added to all samples before analysis to correct for analytical changes (retention time and response of HPLC MS/MS system) from run to run. Internal standard calibrations were conducted before and after the analysis of every sample batch to ensure that interferences did not affect retention time and response.
Results and Discussion
Packed Soil Boxes Study
In experiments using packed soil boxes under simulated irrigated pasture conditions, the total amounts of applied pharmaceuticals detected in surface runoff and leachate were relatively low (Fig. 2) . The cumulative amount of chlortetracycline detected in surface runoff water after three irrigation events was less than 7.4 ± 1.1 µg (3.7% of the initially applied amount). Corresponding amounts of oxytetracycline and ivermectin in surface runoff water were even lower and accounted for 5.1 ± 0.6 and 1.4 ± 0.1 mg (2.5 and 0.7% of initially applied amounts), respectively. The concentrations of pharmaceuticals in surface runoff (0.01-0.2 mg L -1 ) and leachate (0.01-0.6 mg L -1 ) water were of similar magnitude (Fig. 2) . However, due to the differences in volumes (16 L of surface runoff water and 5.7 L of leachate water), the total masses of pharmaceuticals in leachate were 1.2 to 18.5 times lower than in surface runoff (Fig. 2) . No additional biologically active metabolites of applied pharmaceuticals were present in detectable amounts in the collected water. The presence of small amounts of leached pharmaceuticals is consistent with the previously reported soil column experiments, where oxytetracycline and tetracycline were detected in soil but not in leachate (Kay et al., 2005a; Kim et al., 2010a) . In other studies, significant concentrations of tetracyclines were found in soil in areas of animal husbandries, but no detectable amounts of the antibiotics were detected in groundwater (Barnes et al., 2008; Hirsch et al., 1999; Lindsey et al., 2001; Zhu et al., 2001 ).
Desorption of Pharmaceuticals from Manure
Assuming the simplified model, desorption of pharmaceuticals from manure is the initial step in the overall transport process and a potential rate-limiting step. For example, drawing an analogy to the well-studied systems of photo-and bioremediation, the total mass of pharmaceuticals transferred from manure to water and soil comprise a series of processes with three major rate-limiting steps: desorption of pharmaceuticals from manure, leaching from manure into water and soil, and sorption of pharmaceuticals on soil can be described in terms of fluxes (Bosma et al., 1997; Rijnaarts et al., 1990) . Desorption of pharmaceuticals from manure (desorption flux, q desorption ) is inversely proportional to the affinity of pharmaceuticals to manure OC. Transport of pharmaceuticals (transport flux, q transport ) depends on the diffusion coefficient within the transport medium (manure, water, and soil). Sorption of pharmaceuticals on soil (sorption flux, q sorption ) depends on the sorption potential of the soils to studied pharmaceuticals. The reaction step with the largest kinetic resistance (1/k) limits the overall process rate and defines the time scale of the entire process (Bosma et al., 1997; Rijnaarts et al., 1990) .
Animal manure typically has very high OC (the OC content of the manure used was 33% by weight) and soluble salts content, both of which provide high capacity for sorption of organic contaminants. For example, published data have shown that chlortetracycline can be sorbed by manure very strongly (Wang et al., 2008) . Although maximum sorption of chlortetracycline on manure is achieved within an hour, the desorption process is very slow, with less than 20% of chlortetracycline desorbed by water (Wang et al., 2008) . Similarly, a high sorption affinity of oxytetracycline to manure has been observed and attributed to interactions with divalent ions within the manure matrix (Loke et al., 2002 ). In the current study, the mechanisms for tetracycline sorption on manure are believed to occur via ion exchange and/ or partitioning in OC. Sorption of highly lipophilic ivermectin is likely occurring through partitioning into lipophilic OC moieties, with desorption into water being unfavorable. Transport of pharmaceuticals desorbed from the manure is limited by the rate of permeation from sorption sites within the solid matrix and by diffusion through a liquid layer around the solid-phase particles (Rijnaarts et al., 1990 ). The transport is primarily driven by a concentration gradient toward the surface of the manure. In the present study, 0.2 mg of pharmaceuticals was spiked into 1 kg of wet manure (?0.2 kg on dry weight basis). With the maximum sorption potential of manure for the pharmaceuticals close to 500 L kg -1 , only a minute amount of potential sorption sites would be saturated (Wang et al., 2008) . In the case when manure is not saturated with pharmaceuticals (i.e., not all possible sorption sites are occupied), gradient-driven transport is expected to be relatively slow. Extraction of low doses of the pharmaceuticals studied from manure is challenging and yields low recoveries due to the high organic content of manure and drying of manure pats over time. Therefore, obtaining a mass balance for pharmaceuticals in the runoff box experiments is not possible.
Transfer of Pharmaceuticals into Water
With 7-d intervals between irrigation events, diffusion of pharmaceuticals from the manure into runoff water was also affected by the changes in the manure moisture content over the time period. At the beginning of irrigation, manure contained approximately 80% water by weight. During a hot summer, the moisture content of manure left in the field can decline to 10% in just 1 wk. In the runoff box experiment, moisture content in manure declined from 80 to 13% in 1 wk and then remained relatively constant for the experiment duration. In fact, by observation, manure pats were dry by the second irrigation event.
A thick crust had formed around the manure pat by the third irrigation event. This hardening of the manure appears to further limit the transport of the pharmaceuticals into the irrigation water. During subsequent irrigation events, only the lower portion of the manure became moist; the remainder of the pat remained rather dry. In this study, the majority of oxytetracycline and ivermectin in runoff water was detected during the first irrigation event (Fig. 3) . In contrast, the concentration of chlortetracycline in runoff water continued to increase during the two subsequent irrigation events. Similar to our results, in a study of ivermectin leaching under rainfall, ivermectin was detected in water only at the first rainfall event, and aging of the manure pat likely prevented further release of ivermectin (Fernandez et al., 2011) . In another field rainfall study, a steady decline of chlortetracycline leaching after the first 15 min of rainfall was observed (Kim et al., 2010b) .
Release of pharmaceuticals from the manure into irrigation water is another factor in the overall transport phenomena. For example, although the same amounts of pharmaceuticals were initially introduced to the soil boxes, the amount of chlortetracycline released into the water was twice the amount of oxytetracycline and more than four times the amount of ivermectin (Fig. 2 and 3 ). This trend is consistent with the K d sorption values (Table 3 ) and solubility of the pharmaceuticals in water, with tetracyclines being moderately soluble and ivermectin only slightly soluble in water (Table 1) (Mougin et al., 2003; Varanda et al., 2006) .
Sorption of Pharmaceuticals to Soil in Packed Boxes
To assess the amount of pharmaceuticals transported from the manure pat to the soil, soils and manure were analyzed for residual concentrations of pharmaceuticals at the end of the experiment. Although the majority of the spiked pharmaceuticals remained in the manure, measurable levels of all three pharmaceuticals were detected in the soil (Fig. 4) . The distribution of the pharmaceuticals within the soil followed a gradient with the highest concentrations detected in the upper 5 cm of soil directly under the manure pat and declined with increasing depth. Residual concentrations of pharmaceuticals were also present in surface soil samples up-flow and down-flow of the manure pat, indicating horizontal diffusion of pharmaceuticals during or after irrigation. These results are in agreement with a rainfall simulation study, in which chlortetracycline was detected in up to 30 cm of soil with relatively uniform distribution over the soil depth (Kim et al., 2010b) .
Although the two soils studied were of the same textural class, the pharmaceutical concentrations were slightly higher in the Argonaut soil than the Yolo soil (Fig. 4) . This difference can be attributed to the higher organic C content of the Argonaut soil (Table 2 ) and compound hydrophobicity (e.g., water solubility; Table 1 ), which favors sorption to organic matter phases. In addition, the higher Fe-oxide content (weathered metavolcanic parent material) of the Argonaut soil provides positively charged sites for sorption of deprotonated pharmaceutical functional groups.
Concentrations of chlortetracycline directly beneath the manure (0-5 cm) in both soils were significantly higher (based on SE) than concentrations of oxytetracycline and ivermectin (Fig. 4) . This trend is consistent with the octanol-water partitioning coefficient (K ow ) values of the pharmaceuticals (chlortetracycline: -0.62; oxytetracycline: -1.12; ivermectin: 3.2) (Campbell, 1989; Loke et al., 2002) . Due to its higher water solubility, oxytetracycline is more likely to enter the water phase rather than partition into hydrophobic domains of soil organic matter. Ivermectin, with its low solubility in water (<4 mg L -1 ), is more likely to partition in the hydrophobic fractions of soil. In fact, the sorption strength of the pharmaceuticals to soil declined in the same way: ivermectin > oxytetracycline > chlortetracycline (Table 3 ). This trend was observed for both soil types and coincides with the increase of hydrophobicity of the pharmaceuticals.
Potential Transport of Pharmaceuticals on Suspended Solids
Although the concentrations of pharmaceuticals in filtered runoff water were quite low, there is the potential for additional colloid-facilitated transport. Extraction of pharmaceuticals from the small amounts of filtrate material collected was not possible with reasonable accuracy, and therefore estimations of the maximum potential pharmaceutical transport on suspended solids are provided. In the current study, the amount of particulate matter eluted with the runoff water ranged from 4.1 to 6.5 mg L -1 of runoff water. This is equivalent to 65.6 to 104 mg . K, q max , K f , 1/n, K ap , and n ap , refer to the sorption coefficient, maximum amount bound, Freundlich distribution coefficient, slope, apparent binding constant, and number of sites for the interaction, respectively. ‡ Not available. of particulate matter for 16 L of runoff water collected at each irrigation event. The concentrations of oxytetracycline, chlortetracycline, and ivermectin in soils were 2.2 to 25.4, 9.2 to 76.0, and 2.7 to 15.5 ng g -1 soil, respectively. Thus, the maximum mass of pharmaceuticals transported with particulate matter during each irrigation event would be 0.2 to 2.2, 0.8 to 6.9, and 0.2 to 1.4 ng of oxytetracycline, chlortetracycline, and ivermectin, respectively. The total mass of the corresponding pharmaceutical transported in the aqueous phase is significantly large (Fig. 2) , with approximately 1000 to 5000 times higher mass loads as compared with the particulate phase estimates. Therefore, transport of these pharmaceuticals on suspended solids is expected to be quite low for the conditions of our study. We also suggest that the water-soluble fraction of antibiotics may be more important due to the higher potential to be transported to surface water sources. In addition, particulate matter-bound pharmaceuticals are expected to have lower bioavailability due to the fact that they are bound to the solid matrix and are not likely to be desorbed in an aqueous environment.
Batch Soil Sorption Study
Batch sorption experiments were conducted to evaluate the extent of pharmaceutical sorption to these soils (Fig.  5) . Although concentrations of pharmaceuticals were measured in soils from the packed soil box study, the high affinity of the pharmaceuticals for the manure resulted in different soil loadings of the pharmaceuticals. Therefore, batch experiments were needed to evaluate sorption affinity for the three pharmaceuticals with each soil. The data reveal the greatest sorption of ivermectin to soil and somewhat similar sorption of chlortetracycline and oxytetracycline. For chlortetracycline and oxytetracycline, sorption isotherms were nonlinear (1/n < 1) with a bi-Langmuir sorption character (i.e., the Scatchard Model), which is in agreement with the previously reported sorption data ( Jones et al., 2005) . The nonlinear character of sorption and the biphasic nature of Scatchard plots for tetracyclines suggested the presence of two types of sorption sites (Sithole and Guy, 1987) . Scatchard plots also indicate greater sorption affinity to the Argonaut soil for chlortetracycline and oxytetracycline, as observed via the apparent binding constant (K ap ) (Table 3 ). Based on these and previously published data, it is hypothesized that these two different sorption sites are represented by the hydrophobic soil organic matter and the mineral component of the soil. It therefore follows that possible sorption mechanisms are partitioning into soil organic matter and binding via ion exchange, respectively (Pils and Laird, 2007; Sithole and Guy, 1987) . Confirmation of these mechanisms would require additional spectroscopic analysis, which is beyond the scope of the current study. Sorption isotherms and model parameters for ivermectin on Yolo and Argonaut soils differ from those of tetracyclines (Table  3) . Based on analysis of Scatchard plots, no biphasic sorption character for ivermectin was observed. The batch sorption isotherms of ivermectin can be characterized by the Freundlich model, with 1/n values ranging from 0.93 to 0.99 (Table 3 ). In the case of linear sorption isotherms (1/n = 1), a partitioning mechanism is suggested (Sparks, 2003) . Ivermectin is a highly hydrophobic compound and is believed to bind to soil through partitioning into OC domains (Mougin et al., 2003) . In the case of partitioning into soil OC, the sorption affinity (i.e., K F when 1/n = 1) can be related to the fraction of OC (f oc ) to normalize sorption based on C content via the OC sorption coefficient (K oc ) (Sparks, 2003) . The slightly greater OC content of Argonaut soil (Table 2 ) may contribute to the K oc for ivermectin, which is about 2-fold higher in Argonaut soil (Argonaut: 4380 L g 
Conclusions
The data from this study reveal that transport of three common beef cattle pharmaceuticals (chlortetracycline, oxytetracycline, and ivermectin) from manure to surface runoff water and soil leachate was low and limited by desorption and transport of pharmaceuticals entrained in the manure. The majority of target pharmaceuticals were retained in the manure or in the soil directly below manure. Water-soluble concentrations of the pharmaceuticals in runoff and leachate water did not exceed 0.5 µg L -1 , which is below the minimal inhibitory concentration needed for development of tetracycline bacteria resistance and ivermectin LC/EC 50 values for aquatic organisms (Davies et al., 1997; Halley et al., 1989; Halling-Sorensen et al., 2002; Wikler et al., 2006) . It is also of note that water samples were collected and analyzed immediately, whereas under the field conditions runoff water is exposed to light, and these photosensitive compounds can rapidly degrade to biologically inactive compounds. The half-life of tetracyclines ranges between 16 and 41 d (Loftin et al., 2008), whereas ivermectin photodegradation is much faster, with a half-life of about 8 d (Boonstra et al., 2011) . Thus, the runoff water concentrations of the studied pharmaceuticals in the flood-irrigated rangelands are expected to be lower than what is reported here. It is therefore proposed that the risk of significant transport of chlortetracycline, oxytetracycline, and ivermectin to surface-and groundwater from cattle manure on irrigated pasture is relatively low.
